Abstract-Determining the rupture pressure threshold of ultrasound contrast agent microbubbles has significant applications for contrast imaging, development of therapeutic agents, and evaluation of potential bioeffects. Using a passive cavitation detector, this work evaluates rupture based on acoustic emissions from single, encapsulated, gas-filled microbubbles. Sinusoidal ultrasound pulses were transmitted into weak solutions of Optison TM at different center frequencies (0.9, 2.8, and 4.6 MHz), pulse durations (three, five, and seven cycles of the center frequencies), and peak rarefactional pressures (0.07 to 5.39 MPa). Pulse repetition frequency was 10 Hz. Signals detected with a 13-MHz, center-frequency transducer revealed postexcitation acoustic emissions (between 1 and 5 s after excitation) with broadband spectral content. The observed acoustic emissions were consistent with the acoustic signature that would be anticipated from inertial collapse followed by "rebounds" when a microbubble ruptures and thus generates daughter/free bubbles that grow and collapse. The peak rarefactional pressure threshold for detection of these emissions increased with frequency (e.g., 0.53, 0.87, and 0.99 MPa for 0.9, 2.8, and 4.6 MHz, respectively; five-cycle pulse duration) and decreased with pulse duration. The emissions identified in this work were separated from the excitation in time and spectral content, and provide a novel determination of microbubble shell rupture.
a large variety of disease processes [1] , [2] . Novel imaging techniques have been developed using the nonlinear UCA response to detect blood flow in tissue parenchyma. By provoking local acoustic destruction in a selected region in situ to purposefully modify contrast concentration, dynamic evaluation of image contrast-enhancement can be used to assess blood volume and flow rate [3] , [4] . However, UCA-based blood perfusion assessment is hampered by unintentional modification of UCA concentration during imaging and the unknown ultrasound backscattered echo contribution to the received signal by microbubble destruction. If the origin of the desired image enhancement is linked to the destruction of the microbubbles, the transmit parameters should be set above the destruction threshold. On the contrary, if the image's goal is to follow intact UCAs, the transmit settings need to minimize or eliminate UCA destruction. Thus, knowledge of the UCA destruction thresholds is essential for many innovative but sensitive imaging techniques. An understanding of microbubble destruction is also fundamental for development of targeted contrast microbubbles carrying encapsulated medicines to a site for delivery initiated by ultrasonic capsule destruction [5] , [6] .
A strong experimental basis is needed to guide theoretical model developments [7] [8] [9] so that modifications of bubble dynamics described by these models can be applied to predict destruction thresholds based on UCA properties (e.g., composition of encapsulating shell, gas, size distribution). The need to respond to such practical concerns and the potential to develop new UCA applications have generated considerable interest in the elucidation and quantification of UCA destruction thresholds [10] [11] [12] [13] . Several techniques have been used. The passive cavitation detector (PCD) technique uses a receiver to listen passively for acoustic emissions from bubbles excited by another source [14] , [15] . Giesecke and Hynynen [10] used a PCD to determine the cavitation thresholds based on the peak rarefactional pressure amplitude that caused an increase in the broadband noise emission. This increase was empirically chosen to be greater than one standard deviation above the baseline noise. As determined by this method, the inertial cavitation (IC) thresholds of Optison TM [Amersham Health (GE Healthcare), Princeton, NJ] increased with frequency (approximately 0.1 MPa at 0.74 MHz, 0.2 MPa at 1.1 MHz, 0.4 MPa at 2.18 MHz, and 1.6 MPa at 3.3 MHz). This study, which used long incident pulses (from 2 to 100 ms), found that pressure thresholds did not vary strongly as a function of pulse duration (PD). Chen et al. [11] also used a PCD to estimate fragmentation pressure thresholds for four contrast agents (at 1.1 and 3.5 MHz). They selected the fragmentation threshold to correspond to the incident peak rarefactional pressure simultaneously satisfying two criteria. The first criterion was that 5% of "spikes" in the received signal exceeded a voltage threshold. The second criterion was that the signal's spectral amplitude increased between harmonics (broadband noise). TM under similar conditions [10] , [11] revealed that the levels may vary, depending on criteria applied to signals received during microbubble excitation.
Active cavitation detection (ACD) also has been used to estimate UCA collapse thresholds in which the receiver interrogates the region of interest with a low-pressure pulse amplitude in order to assess the potential cavitation effects from another ultrasound exposure of that same region [16] [17] [18] . Chen et al. [19] used an ACD to study the dependence of ultrasound-induced IC on the PD. The dependence of IC activity and hemolysis generated by 1.15-MHz ultrasound as a function of PD (between 5 and 200 cycles) was conducted using a constant rarefractional pressure (3 MPa) For the longer PDs (e.g., 100 and 200 cycles), 9 of 10 tests showed variable amounts of generated microbubbles. Hence, more microbubbles were generated under longer PD conditions. Using Optison TM , up to 60% hemolysis was produced with the longer PDs (100 and 200 cycles), compared with < 10% hemolysis with the shorter PDs (5 and 10 cycles). Albunex generated considerably less IC activity and hemolysis than that produced using Optison TM . Acoustic attenuation modifications also have been used to evaluate UCA destruction. Chang et al. [16] defined the threshold as the peak rarefactional pressure that caused total destruction of UCAs in a suspension when exposed to high intensity focused ultrasound (HIFU) at 1.1 MHz. The total destruction of UCAs was determined when the echo amplitude from the rear wall of a tube filled with UCA returned to the amplitude observed prior to the introduction of UCA in the suspension. Their results showed that the total destruction pressure threshold increased with increasing Albunex concentration and decreased with increasing pulse repetition frequency (PRF). This threshold decreased with increasing the PD in terms of the number of cycles N for N < 10 and was independent of the number of cycles for N > 10. However, because the return to baseline criterion detects total destruction of all UCA in a solution, onset of microbubble destruction cannot be assessed by this technique, nor does it permit isolation of the response from a single microbubble.
Optical observation also has been used to investigate UCA response. Chomas et al. [12] used a high-speed camera to experimentally observe the destruction of isolated UCA microbubbles. Within the studied frequency range, fragmentation threshold of the experimental agent studied was shown to decrease with increasing pressure and increase with frequency (resonance frequency not reported). This direct optical observation approach is currently the reference for measuring UCA fragmentation thresholds, but the expensive equipment necessary for its application limits the technique's accessibility and is not usable for in vivo studies of optically opaque human organs.
We report on a technique that uses passive cavitation detection. However, instead of analyzing signals received during acoustic excitation, broadband emissions occurring between 1 and 5 µs after excitation were identified. We have linked these signals to the inertial cavitation (sometimes followed by rebounds) of bubbles released after UCA shell rupture, and refer to the minimum incident peak rarefactional pressure leading to such an event as the minimum rupture threshold. Because these emissions were separated in time and spectral content from the main echo, they were easily distinguished from the principal microbubble response (e.g., oscillations and shell rupture). Thus, the detection of shell rupture thresholds using IC emissions as proposed herein is different from previously reported approaches using passive cavitation detection and has several potential advantages over other techniques described in the literature. Detecting UCA rupture from signals during the acoustic excitation is confounded by the presence of spectral components from many sources, for example, nonlinear propagation of the incident pressure pulse and nonlinear microbubble dynamics. The inertial collapse and rebound signals are not contaminated by nonlinear spectral content from other sources. Thus, detection of these postexcitation signals provides a more robust detector of UCA rupture than can be obtained through analysis of the principal response.
Second, and this is true for all PCD-based techniques, the equipment necessary to make the measurements is less complex and expensive than that required for a high-speed camera, and the PCD has the potential to detect the rupture thresholds in vivo as has been done in lithotripsy [20] .
Third, the literature related to UCA destruction applies a variety of terms to describe destruction thresholds such as fragmentation, cavitation, rupture, and collapse. In effect, each term refers to specific aspects of the destruction process [21] , [22] . By comparing our experimental results with numerical simulations of the dynamics of shelled microbubbles, we find that our observations are consistent with the inertial cavitation response of a free bubble that is released after the rupture of the shell of a UCA. 
II. Materials and Methods

A. Contrast Agent
Experiments were conducted using Optison TM an FDA-approved UCA. These microbubbles have an albumin shell, approximately 15-nm thick, encapsulating perflutren C 3 F 8 gas. The solution in the manufacturer's vial has a concentration between 5 and 8 × 10
8 microbubbles/mL. Approximately 93% of the microbubble diameters are less than 10 µm, with a maximum diameter of 32 µm and a mean diameter in the range of 2-4.5 µm [23] .
B. Ultrasound Exposure Setup and Pulse Waveforms
The experiments were carried out in a clear plastic tank (50.5-cm long × 25.5-cm wide × 30.0-cm high) containing 9.6 ± 0.3 L of degassed water (boiled, sealed, then cooled) between 20 and 22
• C. Three 19.1-mm-diameter, single-element, focused (f/2) transducers (measured center frequencies of 0.9, 2.8, or 4.6 MHz) were used to insonify the microbubbles. Sinusoidal tone bursts were generated by a pulser-receiver (Ritec Advanced Measurement System RAM5000, Warwick, RI) for a selected combination of frequency (0.9, 2.8, or 4.6 MHz) and PD (three, five, or seven cycles). At 0.9 MHz, the measured PDs (determined from −6 dB of peak rarefactional pressure) were 5.8, 8.0, and 11.1 µs; at 2.8 MHz they were 1.5, 2.6, and 3.3 µs; and at 4.6 MHz they were 0.9, 1.4, and 2.0 µs for PDs of three, five, and seven cycles, respectively. Pulse phase was 0
• (that is, the pulses lead with a phase of positive voltage) and PRF was 10 Hz for all experiments. The transmit pressure amplitude was varied using the pulser-receiver's output control settings. To fine tune (obtain smaller changes) the transmit pressure amplitude, a step-variable attenuation (Model 358, Arenberg Ultrasonic Laboratory, Boston, MA) was used ( Fig. 1) . The transmit pressure waveforms were calibrated at the field's focus for each amplitude, frequency, and PD com- bination. Calibrations were performed according to wellestablished calibration techniques [24] , [25] using a PVDF bilaminar shielded membrane hydrophone (diameter of the active element, 0.5 mm, Marconi 699/1/00001/100; GEC Marconi Ltd., Great Baddow UK). Fig. 2(a) shows the hydrophone-measured waveform (at the focus) of the 4.6-MHz transducer for a sevencycle PD at the lowest excitation level. The waveform was symmetric with peak rarefactional pressure and peak compressional pressure of 0.35 MPa. The temporal waveform was gated with a 10-µs Blackman window, zero padded to 8192 points, and an fast Fourier transform (FFT) was performed to determine frequency content [ Fig. 2(b) ]. The principal frequency component was observed at 4.6 MHz, corresponding to the measured transducer center frequency. A small harmonic component was observed at 9.2 MHz.
At the highest output setting for the 4.6-MHz transducer, the seven-cycle PD hydrophone-measured waveform (at the focus) is displayed in Fig. 3(a) . The waveform was highly asymmetric with a peak rarefactional pressure of 5.39 MPa and peak compressional pressure of 11.9 MPa. This sort of asymmetry is characteristic of a diffracted beam that has undergone nonlinear propagation distortion [26] . Fig. 3(b) shows the corresponding spectrum in which the nonlinear propagation distortion manifests itself as the transfer of the energy from the fundamental (4.6 MHz) to the higher harmonics. This behavior demonstrates that harmonic signals scattered by a microbubble may not be solely due to nonlinear microbubble dynamics but likely include harmonic components present in the insonating pulse.
By repeating hydrophone measurements for all combinations of frequency, PD and output setting, the incident waveforms were calibrated over the peak rarefactional pressure range between 0.07 and 5.39 MPa (Table I) . The maximum pressure difference measured between consecutive output settings was 0.5 MPa, and the minimum pressure change obtained using external attenuation was 0.05 kPa.
C. Passive Cavitation Detector
A 13-MHz measured center-frequency focused transducer (12.7-mm diameter and 15.4-mm focal length), mounted confocal and at a 60
• angle to the transmit beam axis, was used to passively collect emissions from the bub- bles (Fig. 1) . The −6 dB field limits were determined for each transducer by measuring the scattered signal from a 50-µm diameter wire reflector translated throughout the focal region in a pulse-echo configuration [27] . The characteristics of the four transducers are summarized in Table II.
The receiver's −6 dB field limits were fully inside those of the transmit transducers. Thus, the effective confocal volume corresponded to the 13-MHz transducer's −6 dB field limits: a cigar-shaped volume 3.38-mm long and 0.25 mm in diameter (approximate volume of 0.12 mm 3 ). The PCD passively detected signals from this volume and was primarily sensitive to frequencies greater than the transmit frequency range. The output from the receive transducer was amplified (44 dB), digitized (12-bit, 200 MHz, Strategic Test digitizing board UF 3025, Cambridge, MA) and saved to a personal computer. The data were processed off-line using Matlab (The MathWorks, Inc., Natick, MA).
D. Data Acquisition
The measurement protocol was as follows. The tank was filled with degassed water. The selected transmit transducer was aligned with the PCD receiver. A baseline data acquisition was made in the absence of contrast agent by acquiring 128 received waveforms at each transmit pressure amplitude. Using a graduated syringe, 0.2 mL of Optison TM was injected into the tank corresponding to approximately 10 8 microbubbles, and resulted in a mean concentration in the tank of about 10 microbubbles/µL. Thus, on average, only 1 microbubble should be within the −6 dB receiver volume. The water was gently stirred with a pump before and during data acquisition to maintain an even distribution of the UCA in the water and to en- 
E. Data Analysis
The direct current (DC) component of each received waveform was set to zero by subtracting its mean value. The noise level was evaluated from each baseline acquisition made in the absence of Optison TM . Each set of waveforms acquired with Optison TM then was sorted from highest to lowest echo amplitudes. Then, each waveform was inspected and segments with signals above the noise level (indicating UCA response) were selected for further analysis. A sliding Blackman window (120 points, 0.6 µs) was moved along the selected portion of each zero-mean received waveform in steps of 0.025 µs. Windowed signals were zero padded to 8192 points, and their FFT was calculated (frequency resolution of 24 kHz). The frequency content of signals received from a microbubble in the interrogation volume during and after insonification was evaluated graphically by plotting these spectra as a function of time (spectrogram). Fig. 4 shows a representative echo waveform and its time-frequency spectrogram for a single microbubble. The 4.6-MHz, seven-cycle PD transmit pressure waveform had a peak rarefactional pressure of 0.95 MPa. The echo waveform between approximately 2 and 3 µs corresponds to the PCD response of the microbubble due to the excitation. In the spectrogram, the band centered near 9.3 MHz contains harmonics that may have been generated both by nonlinear bubble dynamics and nonlinear propagation distortion of the pulse incident on the microbubble. The thin vertical lines (at discrete times across a large range of frequencies) demonstrate that broadband content appears periodically during the compression phases. After the end of the excitation, no acoustic emissions are detected in the time trace. Fig. 5 shows an echo waveform and its time-frequency spectrogram for a single microbubble excited by 4.6-MHz, seven-cycle PD transmit pressure waveform with a peak rarefactional pressure of 2.82 MPa. The echo waveform between approximately 2 and 3 µs corresponds to the PCD response of the bubble due to the excitation. In the spectrogram, the strong bands near 10 and 15 MHz are harmonics generated both by nonlinear propagation distortion of the incident pulse and nonlinear bubble dynamics. The spectral amplitude near 9.3 MHz is approximately nine times higher in Fig. 5 than in Fig. 4 . Again, thin vertical lines with broadband content appear periodically during the compression phases. After the end of the excitation, at about 4.5 µs (Fig. 5) , a short-duration response is seen in the time trace, and a corresponding broadband signature (from 3 to 19 MHz) is observed in the spectrogram. Such postexcitation, short-duration broadband response corresponds well to the anticipated acoustic signature due to the inertial collapse and "rebound" of daughter bubbles [21] . There also is evidence of a rebound at 5.5 µs. Such an event also is consistent with the existence of a free bubble undergoing inertial oscillations. The release of daughter bubbles following UCA shell rupture has been observed optically [13] , [28] . After the shell has ruptured, unconstrained daughter bubbles are formed [21] that are able to grow and collapse essentially as free IC bubbles [29] . It is highly unlikely that the rebound signature could be generated by a microbubble that is still encapsulated because encapsulated microbubble oscillations are damped by the shell properties after the excitation. Thus we hypothesize that absence of postexcitation inertial collapse signals (Fig. 4) indicates that the shell has not ruptured. Therefore, we used the presence of the inertial collapse signal (followed in some cases by additional signals corresponding to rebounds) to define a minimum rupture threshold for the UCA, the lowest excitation peak rarefactional pressure for which an IC is detected from any of the acquired waveforms. Fig. 6 shows the peak positive and peak negative voltages from the 13-MHz PCD receiver of the principal microbubble response as a function of the incident peak rarefactional pressure. Data are shown for three-, five-and seven-cycle PDs at 4.6-MHz transmit signal. Each point is the average value from the subset of the 128 acquired time traces in which a postexcitation, short-duration broadband response was detected. Error bars represent the standard deviation of this average.
III. Results
For incident peak rarefactional pressures up to about 1.5 MPa (Fig. 6) , there is a smooth and gradual increase in the peak voltage signals received during insonification. For incident peak rarefactional pressures greater than 1.5 MPa, there is a marked increase in the standard deviation of the 13-MHz PCD receive signals. This increase can be attributed to large variations in the pulse-to-pulse response of the microbubbles, presumably due to rupture of the contrast agents. The arrows in Fig. 6 indicate the incident peak rarefactional pressure thresholds at which the first (lowest incident peak rarefactional pressure) IC pulse was detected for each PD at 4.6 MHz. Inertial collapse and rebound signals were detected for peak rarefractional pressures at about 0.8 MPa. This is well below the onset of unsteady behavior of the peak PCD receive voltages. Thus, occurrence of IC and rebound signals appears to identify rupture at lower transmit pressures than would be identified based on modification of the voltage amplitude of the principal bubble response (percent of spikes in the principal microbubble response [11] ).
The lowest incident peak rarefactional pressures for which IC pulses were observed in the detected data are shown in Fig. 7 as a function of the center frequency and PD. The data show that the peak rarefactional pressure required at rupture threshold increases with increasing frequency and decreases with increasing PD. This peak rarefactional pressure response is consistent with frequency and PD dependencies established in the literature [10] [11] [12] , [16] , [30] .
IV. Discussion
We contend that the postexcitation acoustic signal we have identified is a unique signature of IC collapse and a robust indicator of UCA rupture. Although we do not have the capability of high-speed camera imaging, there is substantial circumstantial evidence to support our contention. The most telling feature is that the signal is only present above a certain pressure threshold and that the timing of the signal is such that it occurs after the passage of the acoustic excitation. It has been shown in the shock wave lithotripsy literature (albeit on longer time scales) that this postexcitation acoustic signal is a unique signature of IC collapse [21] , [31] , [32] . It also has been shown with optical observations that microbubble rupture is followed by the creation of unshelled daughter bubbles [12] that then could be nuclei for IC. In another study of the rupture of Optison TM contrast agent, similar postexcitation signals were visible in time-traces from the PCD [33] , but no interpretation of these signals was provided by the authors.
We have found observations of signals identified as IC, and rebound responses are consistent with predictions of existing microbubble dynamics models. We modeled the microbubble dynamics using the shell model described by Morgan et al. [34] . The model uses the modified Herring equation for microbubble dynamics with two terms augmented to account for the elasticity and viscosity of the shell of the microbubble. The initial microbubble radius used in simulations was 2 µm and the shell thickness was 15 nm, which correspond to the mean values reported for Optison TM [23] . The shell elasticity was 4 N/m and the shell viscosity was 0.533 Pa.s. The values of these two parameters were taken from the values given by Morgan et al. [34] . The measured acoustic waveforms were used as the input acoustic driving pressures to the microbubble dynamics model. Fig. 8(a) shows the seven-cycle incident pressure waveform measured at the experimentally determined shell rupture threshold of 0.89-MPa peak rarefactional pressure. The modeled microbubble radius as a function of time (r-t curve) is shown in Fig. 8(b) , assuming an intact shell. It can be seen that the microbubble only responds when the driving pressure is present, and the oscillations die out as soon as the drive signal stops. The maximum radius attained with this simulation was 3.3 µm, and we assumed that shell rupture occurred near this radius. In a second simulation, the shell elasticity and viscosity were initially 4 N/m and 0.533 Pa.s; but, once the microbubble radius exceeded 3 µm, the values for both of these parameters were set to zero so that the effect of the shell was no longer included in the simulation. The resulting r-t curve is shown in Fig. 8(c) . In this case, once the shell was removed, the bubble underwent large oscillations that continued well af- ter the driving pressure had ceased. In particular, there was an inertial growth and collapse phase that started at 3 µs and ended at 4 µs [ Fig. 8(c) ]. The inertial collapse was followed by many rebounds.
Figs. 8(d) and (e) show the radiated pressure from the simulated microbubbles as a function of time. For the intact shell [ Fig. 8(d) ], the radiation was only emitted when the driving pulse was present and appeared to be primarily scattering of the driving pulse. The ruptured microbubble [ Fig. 8(e) ] generated scattering during the excitation, but there also were distinct spikes that could be attributed to strong collapses. These collapses are possible because, once the shell has ruptured, it can no longer act to dampen the response when the driving pressure is present. After the passage of the excitation pulse, the bubble continued to emit a number of distinct spikes due to both the inertial collapse (at 3 µs) and the subsequent rebounds (e.g., 4 µs). The simulated pressure waveform of a ruptured bubble [ Fig. 8(e) ] indicates that the first postexcitation signals identified in PCD traces (e.g., Fig. 5 ) should correspond to the IC of a ruptured microbubble. The regular temporal separation between postexcitation emissions in the PCD traces is consistent with regularity of IC and free-bubble rebounds in the simulation.
We note that the measured IC time (t I ) could be used to estimate the maximum bubble radius of the ruptured contrast agent through application of the Rayleigh collapse model [35] [36] . We define the inertial time t I as the time from when the microbubble is ruptured during excitation by the negative phase of the ultrasound pulse to its collapse. For example, in Fig. 8(c) t I ≈ 1 µs. The Rayleigh collapse model relates the initial radius of a vapor cavity at rest to the time required by the fluid to collapse the radius to zero. From the predicted r-t curve in Fig. 8(c) , we observe that the collapse time-that is, the time from its maximum radius to its collapse-is approximately t I /2. The corresponding maximum bubble radius, predicted using Rayleigh's expression, is:
where P 0 and ρ are the ambient pressure and density of the liquid, respectively. For water, R Max ≈ 5.5 t I , where R Max is measured in micrometers and t I in microseconds. For t I ≈ 1 µs in Fig. 8(c) , the Rayleigh model predicts a maximum bubble radius of 5.5 µm. This predicted value corresponds well to the value obtained in the simulation [ Fig. 8(b) ] (even though the r-t curve is still partially affected by the incident pressure when the maximum radius is reached). By measuring t I , it is possible, therefore, to estimate the maximum size of the unconfined bubble. Based on identification of the rebound signal, we have experimentally determined minimum shell rupture thresholds (based on peak rarefractional pressure) of Optison TM in terms of frequency (0.9, 2.8, or 4.6 MHz), and PD (three, five, or seven cycles). The minimum thresholds varied from 0.29 to 0.99 MPa. For a 0.9-MHz, seven-cycle incident pulse (PRF 10 Hz), we found the collapse threshold of Optison TM to be 0.29 MPa. This compares favorably with the value of 0.13 MPa for a longer pulse (10 cycles at 1.1 MHz) reported by Chen et al. [11] , who used broadband noise to identify destruction thresholds. For much longer PDs (in the continuous wave regime), Giesecke and Hynynen [10] [12] used high-speed photography to measure fragmentation of MP1950 UCA (Mallinckrodt Medical, St. Louis, MO). Although they do not report thresholds, they show that fragmentation occurs at a peak rarefactional pressure of 1.2 MPa for a 2.4-MHz two-cycle pulse indicating that the threshold must be less than 1.2 MPa, which is consistent with our results. Holland et al. [18] exposed Albunex solutions to one-cycle, M-mode and four-cycle Doppler mode clinical ultrasound (at 2.5 MHz and 5.0 MHz). Using a 30-MHz ACD system, they did not detect cavitation for peak rarefactional pressures up to 1.2 MPa. With the exception of the results reported by Holland et al. [18] , pressure thresholds reported for IC in UCA solutions are in the same general range as pressures estimated for contrast rupture in our study.
We found that the minimum incident peak rarefactional pressure necessary to induce UCA rupture increased with the excitation frequency. For this case in which the studied frequency range was centered above the resonant frequency of the UCA (resonant frequency ≈1 MHz for Optison TM [37] ), this result was expected. At lower frequencies the duration of the rarefactional pressure (which drives the microbubble growth) is longer. Longer duration rarefaction should make microbubbles grow to a larger size, and thus be more likely to provoke shell failure. Also, we found that shorter PDs required larger peak rarefactional pressures to induce rupture. This also was expected. Rupture in most materials is a stochastic process. Therefore, by applying more cycles per pulse, shell rupture would be more likely. Similar variations of shell rupture thresholds have been demonstrated as a function of frequency and insonification PD in an experimental contrast agent using a high-speed camera [12] and as a function of PD based on attenuation measurements in Albunex [16] .
V. Conclusions
This work links postexcitation acoustic emissions detected with a passive cavitation system to inertial collapse and rebounds following rupture of single UCA microbubbles. Minimum incident rarefactional excitation pressure thresholds detected using this signal are consistent with anticipated frequency-dependent and pulseduration-dependent behavior. Experimental results were consistent with numerical simulations using existing models for microbubble dynamics that considered the process of shell rupture, inertial cavitation, and acoustic emissions. The separation of emissions from the excitation in time and spectral content, the simplicity of measurement equipment, and potential for in vivo application represent significant advantages of this technique compared to techniques previously applied to detect UCA destruction.
